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Neonates Support Lymphopenia-Induced Proliferation
Transferring T cells into lymphopenic hosts such asBooki Min,1 Rebecca McHugh,1
those generated by sublethal irradiation or genetic ma-Gregory D. Sempowski,2 Crystal Mackall,3
nipulation triggers T cell proliferation that has been inter-Gilles Foucras,1 and William E. Paul1,*
preted to reflect physiologic homeostasis and has been1Laboratory of Immunology
designated homeostatic proliferation (Bell et al., 1987;National Institute of Allergy and Infectious Diseases
Ernst et al., 1999; Rocha et al., 1989). MHC moleculesNational Institutes of Health
play a crucial role in this process (Bender et al., 1999;Bethesda, Maryland 20892
Ernst et al., 1999; Clarke and Rudensky, 2000; Ge et al.,2 Department of Medicine
2001; Viret et al., 1999), implying that T cell receptor-Human Vaccine Institute
mediated recognition of peptide/MHC complexes is im-Duke University Medical Center
portant. The nature of the stimulatory peptides boundBox 3258 Research Drive
to MHC molecules is not clear. It has been shown thatDurham, North Carolina 27710
peptide/MHC complexes with low affinity for TCR, com-3 Pediatric Oncology Branch
parable to those that mediate thymic positive selection,National Cancer Institute
can drive T cell proliferation in lymphopenic hosts (Gold-National Institutes of Health
rath and Bevan, 1999b; Ernst et al., 1999). It has alsoBethesda, Maryland 20892
been shown that peptides other than those responsible
for positive selection in the thymus can induce irradia-
tion-induced homeostatic proliferation (Bender et al.,Summary
1999).
Cytokines are also key players in such homeostaticT cells expand without intentional antigen stimulation
proliferation (Vella et al., 1997; Boursalian and Bottomly,when transferred into adult lymphopenic environ-
1999; Lantz et al., 2000). It has been shown that IL-7ments. In this study, we show that the physiologic
and IL-15 are involved not only in T cell maintenancelymphopenic environment existing in neonatal mice
but also in homeostasis-driven proliferation of CD8 cellsalso supports CD4 T cell proliferation. Strikingly, naive
(Ku et al., 2000; Schluns et al., 2000); CD4 cells appearCD4 T cells that proliferate within neonates acquire the
to require IL-7 (Fry and Mackall, 2001; Tan et al., 2001).phenotypic and functional characteristics of memory
Thus far, homeostatic proliferation has been studiedcells. Such proliferation is inhibited by the presence
by the transfer of cells into “artificial” lymphopenic envi-of both memory and naive CD4 T cells, is enhanced
ronments (i.e., those due to irradiation or genetic manip-by 3-day thymectomy, is independent of IL-7, and re-
ulation), raising a question as to its physiologic signifi-quires a class II MHC-TCR interaction and a CD28-
cance (Chang et al., 1997). Further, whether the factorsmediated signal. CD44bright CD4 T cells in neonates have
that drive proliferation in lymphopenic hosts and thosea wide repertoire as judged by the distribution of V
that maintain lymphocyte numbers in intact hosts areexpression. Thus, lymphopenia-induced T cell prolifer-
the same is still not established, particularly since theation is a physiologic process that occurs during the
proliferation of transferred naive CD8 and CD4 cells isearly postnatal period.
associated with their differentiation (Cho et al., 2000;
Goldrath et al., 2000; Gudmundsdottir and Turka, 2001;Introduction
Kieper and Jameson, 1999; Murali-Krishna and Ahmed,
2000; Oehen and Brduscha-Riem, 1999).
The number of peripheral lymphocytes is maintained
T cell development is a late event during fetal develop-
throughout life at relatively constant levels, implying the
ment in mice. The first thymic emigrants are found in
existence of a homeostatic process (Freitas and Rocha, lymph node at 18–20 days of gestation (Fadel and Sar-
2000; Goldrath and Bevan, 1999a). The proportion of zotti, 2000). The peripheral immune system of neonatal
cells in the naive and memory pools are also in a quasi- mice contains very few T lymphocytes. Adult percent-
steady state. ages of CD4 T cells are not reached until day 7 in the
Disturbances of such balances as lymphopenia re- lymph nodes and day 15 in the spleen (Garcia et al.,
sulting from virus infection or chemotherapy would be 2000). Earlier studies have suggested that peripheral T
expected to lead to expansion of the remaining cells cell populations in neonates contain proliferating imma-
either through increased proliferation, diminished death, ture thymocytes that are very different from T cells of
or input from an exogenous source. Antigen-driven adult mice in terms of functionality (Piguet et al., 1981).
expansion would also need to be controlled so that it It has also been shown that thymic emigration is more
would not lead to a continuous increase in the size of important than peripheral expansion in populating the
the memory lymphocyte pool. Indeed, the great majority peripheral T cell compartment during the neonatal pe-
of cells responding to an antigenic stimulus die during riod (Modigliani et al., 1994).
the course of the response, and the proportion of cells Here, we ask whether the neonatal lymphoid system
entering the memory pool is relatively small (Ahmed and constitutes a physiologically lymphopenic environment
Gray, 1996). and whether the “rules” governing lymphocyte prolifera-
tion in irradiated and genetically manipulated lympho-
penic adults apply to the physiologic expansion of the*Correspondence: wepaul@niaid.nih.gov
Immunity
132
Figure 1. Multiple Cell Divisions and Acquisi-
tion of Memory Phenotype/Function after
CD4 T Cell Transfer into Neonates
CD4 T cells from Ly5.1 C57BL/6 adult mice
were purified by MACS, labeled with CFSE,
and transferred into Ly5.2 C57BL/6 mice
within 24 hr after birth. The mice were sacri-
ficed between 17–19 days (A–E) or 7 days (F)
after transfer.
(A) Lymph node cells were stained with anti-
CD4 and anti-Ly5.1. Shown is the FACS pro-
file after exclusion of dead cells by PI staining.
(B) Lymph node cells from the neonatal recip-
ient mice were stained with anti-CD4, anti-
Ly5.1, and anti-CD44. Shown on the left is
the CFSE profile after gating CD4 T cells. On
the right is the expression of CD44 among
transferred cells (Ly5.1).
(C) CFSE-labeled CD4 T cells were also trans-
ferred into adult Ly5.2 C57BL/6 mice that
were sacrificed 17–19 days later. Analysis for
transferred T cell proliferation and CD44 ex-
pression was done as in (B).
(D) CFSE profiles of CD4 T cells transferred
into neonates and recovered from lymph
nodes or liver 17 days later are shown. The
percent of cells that had undergone 7 divi-
sions is indicated.
(E) Spleen cells from neonatal recipient mice
were stimulated in vitro with PMA plus iono-
mycin and stained for cytokines as described
in Experimental Procedures. Shown is the in-
tracellular staining after gating on transferred
cells (CD4 Ly5.1). Quadrants were set
based on isotype control staining. Percent of
cytokine producing cells from either the “0 division” or the “1 division” population are shown. All experiments shown above were repeated
two to four times with similar results.
(F) CFSE profile of transferred CD4 T cells was examined 7 days after transfer. Shown is the CFSE profile of CD4-gated population.
(G) CD44dull CD4 T cells from adult Ly5.1 C57BL/6 mice lymph node were obtained by FACS, labeled with CFSE, and transferred into newborn
Ly5.2 C57BL/6 mice as described in Experimental Procedures. Lymph node cells from recipients were obtained on 17–19 days after transfer
and stained for CD4, Ly5.1, and CD44. Shown is CD44 expression on transferred CD4 T cells (Ly5.1)
(H) CD4 single-positive thymocytes from 2-week-old Ly5.1 C57BL/6 mice were purified by AUTOMACS, labeled with CFSE, and transferred
into newborn mice and analyzed as described above. The percentage of CD44bright population from the transferred CD4 T cell population is
shown. These experiments shown were repeated twice with similar results.
first cohorts of CD4 T cells that enter the peripheral more, 79% of transferred Ly5.1 liver CD4 cells had
lymphoid tissue. undergone multiple rounds of division and were CD44bright,
whereas 18% of the transferred cells in the LN had done
so (Figure 1D). Thus, the cells that divide multiple timesResults
upon transfer express several qualities of memory cells.
They are CD44bright, a significant proportion produce IFNNeonates Support Lymphopenia-
upon stimulation, and they are considerably enriched inInduced Proliferation
a nonlymphoid organ (Masopust et al., 2001; Reinhardt106 LN CD4 T cells from adult Ly5.1 C57BL/6 donors
et al., 2001). 4%–5% of transferred CD4 T cells hadwere labeled with CFSE and transferred into Ly5.2
proliferated more than seven divisions as early as 7C57BL/6 mice within 24 hr of birth. Recipients were
days after transfer (Figure 1F). CD69 and CD25 weresacrificed 16–18 days later, and the CFSE profile of
expressed at very low levels among the cells that hadtransferred cells (Ly5.1 CD4) from LN was analyzed
undergone multiple divisions (data not shown), similar(Figure 1A). A significant fraction of the cells transferred
to what has been observed for cells having undergoneinto newborn mice had divided seven or more times,
multiple divisions in irradiated recipients (Clarke andwhereas the same cell population transferred into adult
Rudensky, 2000).mice failed to do so (Figures 1B and 1C). A variable
Since the donor cells were purified CD4 T cells fromnumber of cells divided once, and relatively few cells had
adult LN, it is possible that cells that had undergoneundergone more than one but fewer than six divisions.
multiple divisions derive from transferred adult memoryTransferred cells that divided more than once ex-
cells. Sorted CD44dull LN CD4 T cells from adult micepressed high levels of CD44 (Figure 1B). 10% of the
(Figure 1G) or MACS-purified CD4 single-positive thy-CD44brightCFSEdull transferred cells were capable of pro-
mocytes from 2-week-old mice (Figure 1H) were trans-ducing IFN after in vitro stimulation whereas 1% of
the CD44dullCFSEbright cells could (Figure 1E). Further- ferred into neonates. A significant proportion of both
CD4 T Cell Proliferation in Neonates
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Figure 2. Time of Transfer and Cotransfer of
Additional T Cells Inhibit the Extent of Prolif-
eration in Neonates
(A) Groups of newborn mice received 106
Ly5.1 sorted CD44dull CFSE-labeled CD4 T
cells only or cotransferred with indicated cell
types (106 or 107 total LN CD4, 106 or 107
sorted CD44dull naive CD4 T cells). Analysis of
transferred cells after 12 days of transfer was
done as in Figure 1.
(B) Groups of newborn mice received 106
Ly5.1 sorted CD44dull CFSE labeled CD4 T
cells with 5  106 sorted CD44dull or 0.5 
106 sorted CD44bright cells on the day of birth.
Analysis of transferred cells after 14 days of
transfer was done as in Figure 1.
(C) Groups of mice received 106 Ly5.1CFSE-
labeled CD4 T cells on the day of birth, or at
4 days, 7 days, and 15 days of age. Lymph
node cells were obtained on 16–19 days after
transfer and stained for CD4 and Ly5.1 ex-
pression. Shown are the CFSE profiles of
transferred cells.
types of transferred cells divided multiple times and type and naive phenotype cells to inhibit proliferation,
we cotransferred 5  106 CD44dull or 0.5  106 CD44brightbecame CD44bright. In four separate experiments in which
sorted CD44dull cells were transferred, the proportion of cells with CFSE-labeled CD44dullLy5.1 cells. The two
cell types caused a similar degree of inhibition (Figurecells that had divided multiple times by day 17 was 18
4% (mean standard error), while from five experiments 2B). Since 106 CD44dull cells failed to inhibit (Figure 2A),
the capacity of 0.5 106 CD44bright cells to do so indicatesin which total CD4 T cells were transferred, 20 3.6%
of the cells had divided multiple times. These results that memory phenotype cells are superior to naive phe-
imply that the neonate provides a lymphopenic environ- notype cells as inhibitors of proliferation.
ment that allows expansion of cells within the first cohort During early postnatal life, the peripheral lymphoid
of T cells emerging from the thymus. compartment is rapidly filled by recent thymic emi-
grants. To test the role of such endogenous cells in con-
trolling lymphopenia-induced proliferation, we trans-Proliferation of CD4 T Cells in the Neonate Is
ferred CFSE-labeled Ly5.1 CD4 T cells into Ly5.2Regulated by Time of Transfer and the Total
hosts ranging in age from 1 to 15 days. The proliferationNumber of CD4 T Cells
of cells transferred on day 4 of life was significantly lessCotransferring large numbers of syngeneic T cells sup-
than their proliferation when transferred on day 1 (Figurepresses homeostatic proliferation in irradiated recipi-
2C). There was even less proliferation when CFSE-labeledents (Dummer et al., 2001). We transferred various num-
Ly5.1 CD4 T cells were transferred into 7- or 15-day-bers of unlabeled, purified Ly5.2 CD4 T cells with 106
old Ly5.2 mice. These results suggest that some CD4CFSE-labeled CD44dull Ly5.1 CD4 T cells on the day
T cells during the neonatal period undergo multiple cellof birth. Cotransfer of 107 unlabeled total CD4 T cells
divisions which can be suppressed by endogenous CD4diminished the proportion of Ly5.1 cells that had di-
T cells.vided seven or more times; a similar degree of inhibition
was observed when 107 CD44dull CD4 T cells were co-
transferred (Figure 2A). Cotransfer of 106 CD4 T cells,
Role of the Thymus in CD4 T Cell Proliferationwhether total or CD44dull, failed to inhibit proliferation of
within NeonatesCFSE-labeled Ly5.1 cells (Figure 2A). Based on esti-
To investigate the role of the thymus in CD4 T cell prolif-mates of purity of the sorted CD44dull cells (99.9%),
eration in neonates, mice that had received CFSE-labeledthe frequency of CD44bright cells (10,000) among 107
Ly5.1 CD4 T cells on day 1 were thymectomized onCD44dull cells is insufficient to inhibit proliferation since
day 3. More than 80% of the transferred cells had divided106 total CD4 T cells, which contain 80,000 CD44bright
seven times or more when analyzed on day 17 (Figurecells (based on 8% CD44bright cells in the total popula-
3B). Most of these cells had upregulated CD44. Further-tion), failed to do so. This indicates that naive phenotype
more, the majority (63%) of endogenous (Ly5.2) CD4CD4 T cells are capable of inhibiting proliferation of CD4
T cells also expressed high levels of CD44 (Figure 3C).cells in the neonate.
To determine the relative capacity of memory pheno- In contrast, sham-thymectomized mice displayed prolif-
Immunity
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Figure 3. Day 3 Thymectomy Enhances Proliferation of Transferred T Cells
Groups of newborn mice received 1 106 Ly5.1 CFSE-labeled CD4 T cells on the day of birth. The recipients were either sham thymectomized
or thymectomized on the third day of life. Lymph node cells were taken at 18 days of age and stained for CD4 and Ly5.1. CFSE profiles of
the CD4, Ly5.1 cells are shown as histograms from (A) sham-thymectomized or (B) neonatally thymectomized mice.
(C) CD44 expression and CFSE profiles of transferred (Ly5.1) or endogenous (Ly5.1) CD4 T cells are shown. Percentages of CD44bright cells
among the total transferred or endogenous CD4 T cell populations are indicated.
(D) Cells were stimulated in vitro with PMA and ionomycin. IFN-positive cells from transferred cells (either 7 division or 7 division cells)
or endogenous CD4 T cells are shown. An isotype control was used to determine background staining. Experiments were repeated twice
with similar results.
eration patterns comparable to those of normal neonatal sequences between rearranging VDJ segments that are
deleted during TCR rearrangement steps (reviewed inrecipients (see Figures 1 and 2).
Most of the CFSE-labeled Ly5.1 CD4 T cells in the Hazenberg et al., 2001). TRECs are stable but not repli-
cate during mitosis, therefore becoming diluted duringthymectomized recipients had divided at least once,
leaving very few cells in the nondivided population. This T cell proliferation. Measuring TREC content within a
cell population can be used to determine the divisionis in striking contrast to the behavior of the cells in
the sham-thymectomized recipient or in unmanipulated history of these cells (Douek et al., 1998).
CD44bright T cells from both 17-day-old and young adultneonates, where the majority of the cells had not divided.
In the thymectomized recipients,8% of the transferred mice had100 TRECs/100,000 cells while CD44dull cells
from 17-day-old and young adult mice had 2024 andcells that had divided multiple times produced IFN
when challenged with PMA and ionomycin. 12% of 1720 TRECs/100,000 cells, respectively (Table 1). This
indicates that neonatal CD44bright cells had divided, onendogenous (Ly5.2) cells from thymectomized recipi-
ents produced IFN upon challenge (Figure 3D). These
results strongly suggest that recent emigrants from thy-
mus plays a major role in regulating proliferation and
Table 1. T Cell Receptor Excision Circles (TRECs) in Sorted CD4 T
differentiation of naive peripheral CD4 T cells in neonatal Cells
mice.
Cell mTRECs per 100,000
Age Type Purified CD4 T Cells
TREC Analysis from the CD4 T Cells from Recipients 6–8 weeks CD44dull 1720
The transfer experiments are aimed at giving insight CD44bright ND
into the behavior of the endogenous CD4 T cells in the 17 days CD44dull 2024
CD44bright NDneonate. To test whether endogenous cells behave simi-
larly to the transferred cells, we analyzed the division ND, not detected. CD44dull and CD44bright lymph node CD4 T cells
history of Ly5.2 CD44bright CD4 T cells from 17-day-old from adult mice or 17-day-old mice were purified by FACS. The
purity of sorted cells was 98%. Quantification of mTRECs wasmice. To do this, we measured the frequency of T cell
performed by real-time PCR using specific primers and probes asreceptor excision circles (TRECs) in CD44bright and CD44dull
described in Experimental Procedures. The lower limit of detectab-cells from such mice.
ilty was 100 mTRECs/100,000 cells.
TRECs are circularized fragments of DNA derived from
CD4 T Cell Proliferation in Neonates
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Figure 4. Role of IL-7 during T Cell Prolifera-
tion in Neonates
(A and B) Purified CFSE labeled CD4 T cells
from Ly5.1 B6 mice were transferred into
Ly5.2 neonates. Anti-IL-7 (M25) and anti-IL-
7R (A7R34) antibodies were injected every
3 days starting from day 2 of life (1 mg/25 g
body weight). Separate groups of neonates
were treated with isotype controls. CFSE pro-
files of transferred cells were examined after
14–16 days.
(C) Absolute numbers of lymph node CD4 T
cells were from individual antibody-treated
and control mice.
(D) Comparison of the proportion of trans-
ferred cells that had undergone seven or
more divisions or one to three divisions.
the average, more than four to five times and thus resem- CD8 T cells in irradiated recipients (Ernst et al., 1999).
To determine if T cell proliferation in neonates is depen-ble the transferred cells in this respect.
dent on TCR/MHC interaction, CFSE-labeled Ly5.1
CD4 T cells were injected into neonatal MHC-deficientRole of Interleukin-7 in T Cell Proliferation in Neonates
IL-7 has been reported to play a major role in homeo- (	2m-/I-Ab	-) recipients on the day of birth. To our sur-
prise, when analyzed on day 14, 3040% of the Ly5.1static T cell proliferation and survival (Schluns et al.,
2000; Tan et al., 2001). Neonatal recipients of CFSE- T cell had divided multiple times in the MHC-deficient
hosts, whereas 20  3.6% of the cells transferred intolabeled CD4 T cells were treated every 3 days with both
anti-IL-7 and anti-IL-7 receptor  chain antibodies. Anti- intact hosts (cumulative data from five experiments) had
divided multiple times (Figure 5A).body treatment did not diminish the proportion of cells
that had divided multiple times (Figures 4A and 4B). This suggested that the presence of MHC molecules
might not be essential for the multiple divisions thatCellularity of lymph nodes and thymus was reduced 5- to
10-fold in the antibody treated group, indicating that occurred in the neonate. The increased proliferation of
the transferred cells might be due to the diminishedtreatment was effective (Figure 4C and data not shown).
Although the proportions of transferred cells that had production of endogenous CD4 T cells in the class II-
deficient recipient. Alternative possibilities were thatundergone multiple divisions from anti-IL7/IL7R and
control Ig-treated groups were not different (Figure 4D), class II cells might have contaminated the donor T cell
population or that chimeric class II molecules in thethe absolute number of such cells was substantially
diminished, suggesting that IL-7 plays a similar role in recipient, formed by the pairing of I-Ab and I-Eb	 chains
(Dorfman et al., 2000), drove proliferation of the trans-the survival of CD4 T cells whether they had divided
multiple times or not. However, it should be noted that ferred cells. To test these possibilities, we treated	2m/I-
Ab	-deficient recipients that had received CFSE-labeledsubstantially fewer cells in the antibody-treated mice
had undergone one to four cell divisions than in controls Ly5.1 CD4 T cells on the day of birth with anti-I-Ab
antibody (Y3P) on day 2 and every 3 days thereafter. In(Figure 4D). Indeed, in reviewing prior work on the effect
of IL-7 in regulating lymphopenia-induced proliferation such treated recipients, 1% of the Ly5.1 CD4 T cells
had divided multiple times (Figure 5A). Injection of ain irradiated adult recipients, it is clear that the blocking
IL-7 diminished the proportion of cells that had under- control antibody (14-4-4S, anti-I-Ek) or an isotype control
(mouse IgG2a) had no effect on the T cell proliferationgone only a few cell divisions (Tan et al., 2002). The
small proportion of cells that had undergone multiple (data not shown). Similarly, injection of Y3P antibody
divisions was unchanged by IL-7 blockade, similar to into normal neonatal recipients that had received CFSE-
our results in neonates. In fact, it has been demonstrated labeled CD4 T cells almost completely blocked the pro-
that memory CD4 T cells are independent of both IL-7 liferation of transferred cells (Figure 5A). Thus, TCR-
and IL-15 (Tan et al., 2002). MHC class II interactions are critical for the T cell prolif-
eration in neonates. While it is technically possible that
small numbers of class II cells were transferred withRole of TCR/MHC Interaction in Proliferation
of CD4 T Cells in Neonates the purified CD4 T cells, we favor the possibility that
chimeric class II molecules drove this proliferation. IfTCR/MHC interactions have been implicated as critical
factors in lymphopenia-induced proliferation of CD4 and so, it is interesting that these chimeric molecules, that
Immunity
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Figure 5. Role of MHC-TCR Interaction and
Costimulation in Proliferation of Transferred
T Cells
(A) 	2m/I-Ab	-deficient or wild-type B6 neo-
natal recipients received 1  106 CFSE-
labeled Ly5.1 CD4 T cells. Anti-I-Ab antibody
(Y3P; 1 mg/25 g body weight) was injected
i.p. every 3 days.
(B) CD4 T cells from Ly5.2 5C.C7 TCR trans-
genic mice or DO.11.10 TCR transgenic mice
were purified, CFSE labeled, and transferred
into B10.A Ly5.1 or BALB/c neonates, re-
spectively.
(C) CD4 T cells from wild-type B6 or B6 CD28-
deficient mice were transferred into B6
Ly5.1 neonates.
Fourteen to eighteen days after transfer, lymph node cells from recipient mice were stained and proliferation of transferred CD4 T cells was
assessed. Shown are representative CFSE profiles of (A) CD4 Ly5.1, (B) CD4 Ly5.2 (for 5C.C7) and CD4 KJ1.26 (for DO.11.10), or (C)
CD4 Ly5.2 populations. Data are representative of results obtained from six to ten individual recipient mice in two independent experiments.
have a relatively limited capacity to present peptides, Polyclonal Expansion within Neonates
Since we had found evidence that CD44bright CD4 T cellsas judged by the diminished production of CD4 T cells in
the thymus, could nevertheless be so efficient in driving in 17-day-old mice had already undergone a substantial
number of cell divisions, by measurement of TREC con-CD4 T cell proliferation in neonates.
tent, we next analyzed whether such cells derived from
the expansion of relatively few precursors. We measured5C.C7 and DO.11.10 TCR Transgenic CD4 T Cells Fail
to Proliferate in Neonates the frequency of cells expressing various V	 chains
among CD44dull and CD44bright CD4 T cells from individualTo further test the role of TCR recognition of peptide-
MHC complexes, we transferred TCR transgenic CD4 T 7-day-old mice. To our surprise, the frequencies of 14
different tested V	 cells from naive (CD44dull) or memorycells into neonates. CFSE-labeled CD4 T cells from
5C.C7 TCR Tg mice (Ly5.2; B10.A background Rag KO) (CD44bright) CD4 T cells were very similar (Figure 6A). A
few V	’s were expressed at a higher frequency in mem-that are specific for pigeon cytochrome C peptide 88-
104 in the context of I-Ek were transferred into B10.A ory cells than in naive cells (for example, V	7 and V	8.1/
8.2). However, the overall distribution of V	 chains inLy5.1 neonates. None of the transferred Ly5.2 trans-
genic CD4 T cells proliferated in the neonates (Figure naive and memory CD4 T cells from 7-day-old mice was
not statistically distinguishable (p 
 0.86, Kolmogorow-5B). Similar results were obtained in another TCR trans-
genic system; CD4 T cells from DO.11.10 transgenic Smirnow test; Press et al., 1992), suggesting that a rela-
tively large number of precursors generates the memorymice failed to proliferate when transferred into BALB/c
neonates (Figure 5B). These results strongly suggest the population of very young mice. Relative frequencies
from CD44bright CD4 T cells from 7-day-old mice wereimportance of T cell recognition in the induction of a
proliferative response in neonates. further compared with frequencies of V	’s among
CD44bright cells from normal adult mice (Figure 6B). These5C.C7 TCR transgenic cells recovered 10 days after
transfer to the neonate responded vigorously to the distributions were also quite similar. This result implies
that the repertoire of endogenous memory cells is al-stimulation with peptide (data not shown), implying that
their failure to proliferate in the neonate is not due to ready very diverse by 7 days of age and that this diverse
repertoire of memory cells is derived by a process ofanergy.
proliferation that is inhibitable by the presence of excess
numbers of T cells.Costimulation Is Required for T Cell Proliferation
in Neonates
CD28-deficient CD8 T cells transferred into lymphopenic Discussion
recipients underwent homeostatic proliferation, im-
plying that such responses do not require signaling Here, we have shown that the neonatal environment is
functionally lymphopenic in the sense that transferredthrough CD28 (Cho et al., 2000; Prlic et al., 2001). Results
with CD4 T cells have been rather inconsistent. Whereas CD4 T cells undergo proliferation in a manner similar in
many respects to their behavior when transferred toCD28-deficient CD4 T cells proliferated in irradiated
hosts as well as wild-type CD4 T cells (Prlic et al., 2001), lymphopenic environments in adults. What is particu-
larly striking about the neonate is that a substantial pro-CTLA4-Ig treatment of RAG-deficient mice diminished
the proliferation of transferred CD4 T cells (Gudmunds- portion of the transferred cells recovered 7–17 days later
have undergone seven or more divisions, based on thedottir and Turka, 2001).
We transferred CFSE-labeled Ly5.2 CD4 T cells de- dilution of CFSE.
This proliferation requires recognition of antigen/classrived from either wild-type or CD28-deficient mice into
Ly5.1 neonates. The transferred CD28-deficient T cells II MHC complexes and CD28-mediated costimulation
and depends upon the density of peripheral cells in theproliferated much less vigorously than wild-type T cells,
implying that a CD28-mediated signal is critical for such neonatal environment. Thus, rigorous deletion/inhibition
of class II, obtained by treating MHC-deficient neonatalcell division (Figure 5C).
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hosts may function as costimulators possibly replacing
the need for CD28 (Fry et al., 2001; Porter et al., 2001).
CD28-mediated signals are essential for CD4 T cell pro-
liferation in the neonatal host, implying that costimula-
tion is important in a normal physiological setting.
It must be noted that in most of our experiments, the
transferred cells were derived from adults. This suggests
that the cells had been in a similar antigenic environment
prior to transfer and that their responsiveness in the
neonate is unlikely to represent encounter with an anti-
gen, be it an exogenous or an endogenous peptide, that
they had not “seen” in the immediately previous period.
Thus, it would appear that the sensitivity of the cells to
antigen concentration/structure is greater in the lympho-
penic environment of the neonate than in the normal adult.
However, it is formally possible that some of the re-
sponse that occurs when adult cells are transferred to
the neonate represents the recognition of antigens
uniquely present in neonates, but it seems unlikely that
this can be fully responsible for the remarkable response
of the transferred cells. We also point out that neonatal
CD4 T cells seem to have comparable behavior. CD4
single-positive thymocytes from 2-week-old donors be-
haved similarly to adult cells on transfer to a neonate.
Perhaps more telling is that among endogenous cells
in 17-day-old mice, a population of 15% of the cells,
those that are CD44bright, had undergone at least four to
five divisions, as determined by TREC content. Indeed,Figure 6. Diverse V	 Expressing Naive or Memory CD4 T Cells in
it has been recently demonstrated that neonatal CD4 TNeonates
cells proliferated similarly to adult CD4 T cells whenLymph node cells were collected from 7-day-old or adult mice and
transferred into lymphopenic adult mice (Adkins et al.,stained for different V	s, CD44, and CD4.
(A) Proportion of TCR 	 chain-expressing cells among CD44dull and 2002).
CD44bright CD4 T cells from 7-day-old mice. What antigens drive the response? It could well be a
(B) Proportion of TCR 	 chain-expressing cells among CD44bright CD4 set of exogenous antigens that evoked a more vigorous
T cells from either 7-day-old or adult mice was compared.
response in the lymphopenic environment of the neo-The data were obtained from four to six individual 7-day-old mice
nate or it could reflect the capacity of a subpopulationand from two adult mice.
of the neonatal T cells to vigorously divide when con-
fronted with an endogenous peptide, be it the peptide
that was responsible for their positive selection in the
recipients with an anti I-Ab antibody (Y3P), fully inhibited thymus or another peptide with which they can interact.
proliferation of transferred cells. Furthermore, two differ- The failure of cells from two TCR transgenic donors to
ent TCR transgenic cell populations failed to proliferate proliferate in neonates strongly implies that not all T
when transferred to neonates, suggesting that the pres- cells find appropriate stimulatory class II MHC/peptide
ence of cognate antigen or an appropriate peptide was conjugates to which they can respond.
important. The TCR transgenic CD4 T cells (5C.C7 and Recent reports indicate that cytokines, most impor-
DO.11.10) used in this study have been shown to prolif- tantly IL-7, play a crucial role in lymphopenia-driven T
erate in lymphopenic hosts in some studies (Prlic et al., cell proliferation (Schluns et al., 2000; Tan et al., 2001).
2001; Le Campion et al., 2002) but not all (Bender et al., However, the mechanism by which cytokines exert such
1999; our unpublished data). The type of lymphopenic effects within lymphopenic environment is still not clear.
host may be important in the explanation of this discrep- It could be that decreased competition between the
ancy; further study of this issue is needed. lymphocytes allows the remaining cells to capture suffi-
The role of costimulation during T cell proliferation in cient cytokine to drive their survival/proliferation. The
lymphopenic settings is also controversial. Prlic et al. increased availability of IL-7 could trigger cell prolifera-
(2001) reported that neither CD28, CD40, nor 4-1BBL tion even with a “suboptimal” peptide/MHC stimulant.
was required for T cell proliferation in irradiated hosts. Indeed, IL-7 has been reported to modulate activation
On the other hand, blockade of B7-mediated signals by thresholds in vitro (Porter et al., 2001).
CTLA4-Ig was shown to diminish CD4 T cell proliferation Consistent with the concept of cell competition in
in RAG-deficient hosts (Gudmundsdottir and Turka, determining the sensitivity of T cells to growth stimula-
2001). Differences between those studies could derive tory signals is the dependence of the proportion of the
from the different lymphopenic recipients used. T cell T cells that had undergone multiple divisions on the
proliferation in irradiated or RAG-deficient adult hosts density of other T cells. Thus, cotransfer of 107 total or
shows different kinetics (Min et al., unpublished data), CD44dull CD4 T cells strikingly diminished the prolifera-
implying that different mechanisms may be involved. tion of 1 million labeled cells. Interestingly, this does
not appear to reflect a “suppressive” inhibition due toIndeed, cytokine produced within these lymphopenic
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CD25 regulatory T cells, since a population enriched to TCR-delivered signals (Grossman and Paul, 2001;
in these cells was less inhibitory than a population de- Wang et al., 2001), or because growth factor-delivered
pleted of CD25 cells (McHugh and Shevach, 2002; B.M. signals allow the cell to “read” stimuli, that would nor-
and W.E.P., unpublished data). mally be ignored, as agonistic (Freitas and Rocha, 2000;
Thymectomy on day 3 of life results in a striking in- Fry and Mackall, 2001). If the range of responding clones
crease in proliferation of transferred and endogenous is large, it may be that the repertoire of cells with a
cells, suggesting that the extended period of lymphope- “memory” phenotype in the 17-day-old mouse is very
nia resulting from the lack of thymic emigrants after day large. In fact, FACS analysis of relative frequencies of
3 enhances the sensitivity or the degree of response each V	’s from memory and naive CD4 T cell compart-
of the cells still further. Indeed, the immunopathology ments revealed a comparable diversity of those cells
observed in mice that had been thymectomized at day (Figure 6). The true extent of diversity among neonatal
3 of life (Bonomo et al., 1995) could stem not only from CD44bright CD4 T cells requires more extensive analysis.
a lack of regulatory T cells but also from a relatively If the repertoire is very large, what significance might
large population of memory cells. this have for “primary” immune responses mounted by
Recently, CD8 T cells have been reported to prolifer- neonates? That is, would the existence of cells in the
ate when transferred into neonates (Ichii et al., 2002). young mouse with properties of memory cells but capa-
The authors have argued that this response is associ- ble of responding to “new” antigens alter the primary
ated with the acquisition of memory phenotype. How- response, possibly by enhancing regulatory/effector cy-
ever, it is striking that all surviving cells, even those that tokine production at the outset and either partially con-
had not divided, were CD44bright and that more than 20% trolling the pathogen or determining the polarization of
express Ly6C. It is possible that CD8 and CD4 cells the responding naive cells?
show fundamentally different behavior in neonates, al- We argue that the process of lymphopenia-driven (for-
though in 1-week-old mice the majority of CD8 were merly homeostatic) proliferation reflects a physiologic
either CD44dull or Ly6C negative, which is surprising in process through which CD4 T cells among the early
view of the behavior of cells transferred into the neonate. cohorts of thymic emigrants undergo an explosive
Is this proliferation homeostatic? Although the trans- expansion and differentiation. This might have the effect
ferred cells are naive, the character of many of the cells of equipping the neonate with a broad array of memory
that have divided multiple times is consistent with their cells, possibly making the immune response of the neo-
being tissue-seeking memory cells (Tanchot et al., 2002). nate to newly introduced pathogens more effective than
Thus, virtually all the cells that have divided more than it would have been had such memory generation not
two to three times are CD44bright. Approximately 10% of previously occurred.
the cells that had divided multiple times can secrete Therefore, lymphopenia-driven T cell proliferation is
IFN upon in vitro challenge, in contrast to only 1% a physiologic process that regularly occurs during early
of the cells that had not divided. In the liver, the relative postnatal life and that may have major significance for
frequency of transferred cells that had divided multiple the immune responsiveness of neonatal mice.
times is substantially greater than in the spleen, implying
that cells that divided multiple times acquire the capac-
Experimental Procedures
ity to enter tissues. Finally, donor cells sorted to being
CD44dull are fully competent to give rise to cells that Mice
divide multiple times and are CD44bright. Thus, it appears Timed pregnant C57BL/6 (Ly5.2) and 6- to 8-week-old C57BL/6
(Ly5.2) mice were obtained from Division of Cancer Treatment,that a subset of naive CD4 T cells transferred into a
National Cancer Institute (Frederick, MD). Pregnant C57BL/6 	2m/neonatal environment undergo both multiple divisions
I-Ab	 KO (Ly5.2), pregnant C57BL/6 (Ly5.1), 6- to 8-week-oldand differentiation, acquiring a phenotype consistent
C57BL/6 (Ly5.1) congenic mice, CD28-deficient (Ly5.2) B6 mice,with their being memory cells. Thus, it is unlikely that
5C.C7 TCR transgenic, and DO11.10 TCR transgenic mice were
that the proliferation is homeostatic with regard to naive obtained from Taconic Farms (Germantown, NY). All mice were
cells. Does it represent a homeostatic mechanism to maintained under pathogen-free conditions at the National Institute
control the number of memory cells? Indeed, the finding of Allergy and Infectious Diseases Animal Facility.
that CD44bright (memory phenotype cells) are superior to
naive phenotype cells in inhibiting proliferation is consis- Adoptive Transfer
tent with this idea. If this were the case, one might CD4 T cells were purified from the peripheral lymph nodes (axillary,
mandibular, inguinal, and mesenteric) from donor mice (C57BL/6anticipate that CD44dull cells inhibited proliferation by
Ly5.1) by incubating with FITC-labeled anti-CD8 (53-6.7), anti-B220dilution while CD44bright cells did so by reducing the
(RA3-6B2), anti-I-Ab	 (AF6-120.1), anti-HSA (M1/69), anti-NK1.1“need” for input of memory cells from the naive pool.
(PK136), and anti-CD16 (2.4G2), followed by anti-fluorescein conju-
Be that as it may, the outcome of the proliferation is the gated microbeads (Miltenyi Biotech Inc., Auburn, CA). Magnetic
generation of a population of memory phenotype cells separation was performed using an AUTOMACS or a magnetic column
in the neonate. Does this have any biologic significance? (Miltenyi Biotec Inc.). The purity of CD4 T cells was usually 98%.
Since the stimuli that drive multiple divisions appear CD4 T cells were then labeled with 5,6-carboxyfluorescein diacetate
succinimidyl ester (CFSE, Molecular Probes, Eugene, OR) and trans-to be ones that would not drive division of the same
ferred into newborn mice (B6 Ly5.2) intraperitoneally within 24 hrcells in nonlymphopenic environment, it is possible that
after birth. In some experiments, naive (CD44dull) or memorythe range of responding clones is large. The response
(CD44bright) CD4 T cells from lymph nodes were sorted by FACSVan-
of cells that would not normally respond in the adult tage SE (Becton Dickinson, San Jose, CA) and used for neonatal
could reflect a reduction in the “threshold” for immune transfer. The purity after sorting was usually 99%. All antibodies
activation in the neonatal setting, either because of dy- used were purchased from PharMingen (San Diego, CA). In some
experiments, protein G purified-anti-I-Ab (Y3P), anti-IL-7 (M25; pro-namic tuning of the T cells, making them more sensitive
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vided by Immunex), or anti-IL-7R (A7R34; cell lines provided by Dr. Received: May 28, 2002
Revised: October 31, 2002I. Weissman at Stanford University) were injected i.p. into neonatal
recipients every 3 days (1 mg per 25 g body weight).
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